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Abstract 

The purpose of the work is to develop a cast antifriction material based on 
an iron-carbon alloy with a high copper content for use in large, heavy 
duty sliding friction units. Using the casting method in self-hardening liq-

uid glass mixtures, two specimens of hypereutectoid graphitized steel with 
different copper contents (0.09 and 8.76 wt.%) were produced. To obtain 

graphite in the steel structure, modification with the silicocalcium (SiCa) 
was used. The microstructural examination was carried out using optical 
metallography, SEM and TEM methods. The impact of copper on the struc-

ture as well as the mechanical and antifriction properties of graphitized hy-
pereutectoid steel was studied. It was found that adding 8.76 wt.% of cop-
per to the steel composition leads to an increase in the Brinell hardness level 

of the material from 250 to 300 HB, ultimate tensile strength from 250 to 
380 MPa and compressive strength from 1050 to 1200  MPa, which is asso-
ciated with an increase in the microhardness of pearlite from 350 to 420 HV. 

To assess the impact of copper on the sliding friction coefficient of graphi-
tized hypereutectoid steel, a curve of sliding friction coefficient vs applied 

load was plotted; the experiment was carried out according to the liner-on-
disk scheme. The wear resistance of materials under sliding friction condi-
tions was also assessed using this method. Copper alloying has a positive 

effect on the wear resistance of graphitized hypereutectoid steel by increas-
ing the mechanical properties of the material and also by reducing the level 
of the sliding friction coefficient under boundary lubrication conditions. 
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Key findings 

● An antifriction material based on graphitized hypereutectoid steel with a high copper content was developed. 

● Adding copper to graphitized hypereutectoid steel leads to an increase in the level of strength and hardness. 

● Adding copper to graphitized hypereutectoid steel leads to an increase in wear resistance in the conditions of sliding 

friction under boundary lubrication conditions. 

● The reasons for the increase in mechanical properties are associated with the precipitation of ε-Cu phase particles 

(d ~20 nm). 

© 2023, the Authors. This article is published in open access under the terms and conditions of  

     the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 

1. Introduction 

Currently, parts of sliding friction units of large-sized 

mechanisms, such as large excavators, e.g. sliding bushings 

(sometimes weighing more than 100 kg) are made of 

bronze. Replacing bronze in such units with less expensive 

materials is an urgent task. Copper-containing iron-carbon 

alloys are promising materials for replacing bronze in such 

large-sized components [1–13]. 

Research into the influence of copper on structural 

changes in iron-carbon alloys and its properties were con-

ducted since the 1960s [8]. When iron-carbon alloys con-

tain more than 2% copper, its tribological properties are 

enhanced. In practice, this is expressed in a decrease in the 
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friction coefficient and an increase in the wear resistance 

of the materials [1–13]. 

The main feature of such alloys is the presence of the ɛ-

Cu phase, which precipitates in a wide range of sizes, start-

ing from several nanometers [8, 10]. This is due to the fact 

that at room temperature the solubility of copper in iron is 

negligible. It is believed that almost all copper is contained 

in the form of the ε-Cu phase [7–10]. The low melting point 

of ε-Cu (1094 °C) makes it problematic to form the analyzed 

alloys in a hot state [14–16]. For this reason, parts made of 

antifriction iron-carbon alloys containing more than 3% Cu 

are usually manufactured by casting followed by heat treat-

ment [8]. The limited scope of application explains the 

small amount of research on iron-carbon alloys with a high 

copper content. Most of the works are related to the analy-

sis of the structure and properties of alloys containing less 

than 2% copper [1–13, 17–25] as well as its effect on corro-

sion resistance [26–30]. 

There are known antifriction materials based on iron, 

carbon and copper, obtained by powder metallurgy meth-

ods. Such materials have a high copper content and high 

antifriction properties, but the use of these materials in 

large, heavily loaded friction-sliding units is limited by 

their high cost and relatively low ultimate strength [31–33]. 

In the previous studies, special attention was paid to the 

classification of the particles of the ɛ-Cu phase; sections of the 

diagrams of the Cu–Fe–C system were given [9, 10, 17, 34]. 

The purpose of this work is to develop a cast antifriction 

material based on graphitized hypereutectoid steel with a 

high copper content for use in large, heavy-loaded sliding 

friction units. 

2. Methods and materials 

To obtain the materials under study, the technology of cast-

ing into self-hardening liquid glass molds was used. 

Foundry technologies were implemented at the Tsentrolit-

S LLC enterprise in Novosibirsk. The metal was melted in 

an OKB-281 induction furnace with a crucible capacity of 

750 kg. The castings were produced at an industrial scale 

under real production conditions. In the melting of the iron-

carbon alloys, the volume of melt plays an important role. 

During the melting process, the material comes into contact 

with the crucible lining, becoming saturated with the ele-

ments present in it. The larger the volume of the furnace 

crucible, the fewer chemical elements and non-metallic in-

clusions get from the lining into the melt. The melting was 

carried out in a furnace with an acidic crucible lining. The 

metal was poured from a ladle with a capacity of 200 kg. 

Large volumes of metal in the ladle provided the same tem-

perature conditions for all castings obtained during one ex-

periment. The mass of each casting was 20 kg. 

Steel 20 (0.2% C) and heat-treated graphite material 

(TU 1914-00194042-026-01) were used as burden materi-

als. Steel and graphite material were the first components 

placed in the crucible in a solid state during the smelting 

process. Alloying elements were added to the melt. Before 

alloying elements addition, the melt was refined with liquid 

slag. The slag included quicklime (GOST 9179-77) and SiCa 

compound (GOST 4762-71). 

In-mold modification of the melt was carried out with 

the SiCa compound (GOST 4762-71). When implementing 

this process, a package with a modifier was placed between 

two ceramic filters located in a sprue funnel and firmly 

fixed in it during the molding process. 

The modifier concentration was calculated for 20 kg of 

melt (to obtain a concentration of 0.15 wt.%). The ad-

vantage of the noted solution is the absence of the possibil-

ity of the modifier floating up and the uniform distribution 

of particles in the melt. 

Chemical analysis of the materials obtained during the 

experiments was carried out on an ARL-3460 optical emis-

sion spectrometer. The results of the analysis of castings 

are presented in Table 1 in mass percent. 

The microstructural examination of cast materials 

were carried out using a Carl Zeiss Axio Observer A1m op-

tical microscope, a Carl Zeiss EVO 50 XVP scanning elec-

tron microscope equipped with an EDSX-Act microana-

lyzer, and a FEI Technai G2 TWIN transmission electron 

microscope. 

Evaluation of the distribution, shape, size and volume 

fraction of graphite was carried out on unetched sections. To 

analyze the phase composition, the specimens were sub-

jected to chemical etching in a four percent alcohol solution 

of HNO3 by dipping. Based on the analysis of the results of 

microstructural examination, the volume fraction and sizes 

of the phases were estimated. Particle sizes were determined 

with the ImageJ program by analyzing the images obtained 

using optical and transmission electron microscopes. 

The phase analysis of the resulting alloys was studied 

using an ARL X'TRA θ-θ X-ray diffractometer. The source of 

X-ray radiation was a copper X-ray tube (voltage 40 kV, 

current 40 mA). The analysis of materials was carried out 

in the Bragg-Brentano geometry with no monochromator. 

The average beam wavelength λ recorded by the energy-

dispersive Si(Li) detector was 0.15406 nm. Diffraction pat-

terns were recorded in time mode (t = 1–5 s) with steps of 

Δ2θ = 0.02° and 0.05°. 

The hardness of cast materials was measured using the 

Brinell method. The microhardness of individual phases 

was studied using the Vickers method using a Wolpert 

Group 402 MVD microhardness tester. The ultimate ten-

sile strength of the materials was assessed by implement-

ing two schemes (uniaxial static tension and compression 

of specimens) on a universal servo-hydraulic machine of 

the Instron 300 DX type. 

Table 1 Elemental composition of castings. 

Speci-

men 
C Mn Si P S Ni Cr Cu Al 

1 2.1  0.36  0.29  0.01  0.01  0.03  0.04  0.09  1.2 

2 2.1  0.36  0.29  0.01  0.01  0.03  0.04  8.76  1.2 
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Since the material under development will be used in 

sliding friction units (in particular, the material can be used 

for the manufacture of bushings) the most important indi-

cators characterizing the tribological properties of such 

materials are the coefficient friction and wear resistance 

under sliding friction conditions. Based on the research re-

sults, the dependences of the sliding friction coefficient (μ) 

on the applied load were established. The value of μ was 

determined on an II5018 friction machine when implement-

ing the liner-on-disk scheme in the presence of a lubricator 

– LUKOIL STANDART 10W-40 mineral oil. The shaft rota-

tion frequency was 300 rpm. The specimens under study 

were segments cut from rings with an internal diameter of 

50 mm and an external diameter of 68 mm. The width of 

the segments was 10 mm. The contact area between the disc 

and the liner was 20 mm2.  

The friction coefficient of the specimens was deter-

mined by the equation: 

Μ = F/N, (1) 

where F – friction force, N – normal component of the ex-

ternal force, affecting the contact surface. 

The wear resistance of materials under sliding friction 

conditions was determined using an SMT-1 friction machine 

using a plane-on-disk scheme. The load on the specimen (P) 

in all cases was the same – 500 N. The disk rotation fre-

quency ω was 200 rpm. LUKOIL STANDART 10W-40 min-

eral oil was supplied to the friction zone. Disks made of 

hardened steel 45 (0.45% C) with a hardness of HRC 55, an 

outer diameter of 50 mm and a thickness of 10 mm, were 

used as counterbodies in the implementation of both 

schemes. 

During the test, the length and width of the wear crater 

were measured. The level of wear resistance of materials 

was assessed by the volume of worn material, which was 

calculated using the formula: 

V = Scirc.seg.l, (2) 

where l – wear crater width, Scirc.seg. – area of a circle 

segment with a diameter of 50 mm, determined by the 

equation: 

Scirc.seg. = 0.5R2(α − sin α), (3) 

where R = 25 mm - disk radius, α – circle sector angle: 

α = arccos α = (2R2 − b2)/2R2, (4) 

where b – wear crater length. 

3. Results and Discussion 

3.1. The impact of copper on the structure of 

graphitized hypereutectoid steel 

The microstructural examination shows that the addition of 

copper into graphitized hypereutectoid steel is accompa-

nied by a change in the morphology of graphite inclusions. 

In the alloy with a minimum copper content (specimen 1), 

compact graphite predominates (Figure 1). Increasing the 

copper content in steel leads to a change in the shape of 

graphite from compact to vermicular. In the alloy contain-

ing 8.75% Cu (specimen 2), vermicular graphite is located 

in the interdendritic space and is represented by a mesh 

consisting of individual plates (Figure 2). The microstruc-

tural examination of graphitized hypereutectoid steel with 

8.7% copper, carried out in the ImageJ software, showed 

that the average size of the graphite plates forming the 

mesh was ~5 μm. 

The studies carried out in this work show that copper 

added to the alloys change not only the morphology and vol-

ume fraction of graphite inclusions, but also the structure 

of the metal base of the alloy. 

In the absence of copper (specimen 1), the main struc-

tural components of the material are colonies of lamellar 

pearlite and inclusions of compact graphite. Some of the 

graphite inclusions are surrounded by ferrite rims (Figure 

3). With the addition of 8.75% copper (specimen 2), ferrite 

does not occur in the cast iron structure (Figure 4). Aside 

from that, with the addition of more than 3% copper into 

the composition of the iron-carbon alloy, the dispersity of 

lamellar pearlite increases [34], which is confirmed in this 

study. 

One of the most important features of the structure for-

mation of Cu-alloyed iron-carbon alloys is associated with 

the presence of the ε-Cu phase in their structure. ε-Cu par-

ticles of two types (small particles of irregular shape with 

a size of 1–2 μm and large particles of spherical shape with 

a size of 8–70 μm) were detected in the structure of the al-

loy with 8.75% copper (specimen 2) using optical micros-

copy methods. Moreover, more than half of the particles 

volume fraction falls on the particles with a size of ~15–

30 µm. 

 
Figure 1 Compact graphite in the structure of graphitized steel 

(specimen 1). 
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Figure 2 Vermicular graphite and ε-Cu phase in the structure of 

graphitized steel alloyed with copper (specimen 2). 

 
Figure 3 Structure of graphitized hypereutectoid steel (specimen 1). 

 
Figure 4 Structure of graphitized hypereutectoid steel alloyed with 

copper (specimen 2). 

Large particles are distributed evenly throughout the 

entire body of the casting. Analysis of state diagrams of the 

Fe–C–Cu system [8, 15, 16, 35, 36] shows that with a copper 

content of ~9 wt.% large particles of the ε-Cu phase are 

formed from the melt. A melt of this composition is strati-

fied into a liquid rich in iron and a liquid rich in copper. 

During the crystallization of the liquid rich in iron, the liq-

uid rich in copper is pushed aside, and, subsequently, the 

largest particles of the ε-Cu phase are precipitated from it. 

Particles with an average size of 1–2 µm are formed due 

to a decrease in the solubility of copper in austenite during 

its cooling. It is obvious that all the copper, which, in ac-

cordance with the phase diagram, should be precipitated 

from γ-Fe as the temperature of the alloy decreases, cannot 

be concentrated in the form of inclusions along the austen-

ite boundaries. The volume of remaining copper, exceeding 

the limit of its solubility in austenite, is precipitated inside 

the austenite grains in the form of ε-Cu particles, the shape 

of which is close to spherical. 

Using transmission microscopy methods, particles of 

the ε-Cu phase were detected, formed during a change in the 

solubility of copper in α-Fe. The average size of such particles 

is ~20 nm (Figure 5). Most of these particles are evenly dis-

tributed within the ferrite interspaces of pearlite. At the 

same time, the nature of some of the copper particles is as-

sociated with the a heterophase nucleation mechanism. 

Transmission electron microscopy detected particles precip-

itated on the surface of cementite perlite plates (Figure 5). 

The results of X-ray diffraction analysis of the alloys un-

der study are shown in Figure 6. Interpretation of the dif-

fraction pattern of graphitized hypereutectoid steel with a 

minimum copper content (0.09%) indicates the presence of 

cementite, graphite and a solid solution based on α-Fe with 

a unit cell parameter of 2.872 Å in the alloy. 

An increase in the copper content to 8.76% leads to an 

increase in the unit cell parameter of α-iron to 2.876 Å, as 

evidenced by a shift of the peaks towards smaller angles. 

The increase in the α-Fe parameter from 2.872 Å to 2.876 Å 

can be explained by the dissolution of copper in the ferritic 

matrix of the steel. It should be emphasized that most stud-

ies devoted to the analysis of alloys of the Fe-Cu system 

note an almost complete lack of solubility of copper in iron 

at room temperature [8, 15, 35]. 

It is possible that the signs of copper solubility in α-Fe 

observed in this work are due to the presence of 1.2% alu-

minum in the analyzed alloys. 

In the material alloyed with 8.76% copper, peaks of the 

ε-Cu phase are detected. The unit cell parameter of this type 

of solid solution is 3.637 Å. 

3.2. The impact of copper on the mechanical prop-

erties of graphitized hypereutectoid steel 

Alloying graphitized hypereutectoid steel with copper 

causes a noticeable increase in the level of Brinell hardness 

from 246±3 to 298±7 HB, an increase in the ultimate ten-

sile strength from 250±30 to 380±40 MPa and an increase 
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in the level of ultimate compressive strength from 1050±30 

to 1200±45 MPa. The increase in the level of strength indi-

cators recorded in the work is explained by a number of fac-

tors. The impact of these factors is manifested in an increase 

in the microhardness of pearlite from 351±18 HV to 

414±18 HV as the main structural component of all the alloys 

under study. The main reasons for the increase in the micro-

hardness of lamellar pearlite are associated with an increase 

in the dispersion of the ferrite-cementite mixture, the pre-

cipitation of strengthening nano-sized copper particles ε-Cu 

(~ 20 nm) in the ferrite interspaces of the colonies as well as 

with the presence of dissolved copper atoms in α-iron. 

In previous studies of hypereutectoid steels and cast 

irons alloyed with ~ 9% copper [9], it was found that the 

hardness of cementite does not depend on the copper con-

tent in the alloy, and it was concluded that the increase in 

the microhardness of pearlite is associated with changes in 

the ferrite included into the mechanical mixture. Among 

other factors, this is due to an increase in the volume frac-

tion of the ε-Cu phase as well as the content of copper atoms 

dissolved in the α-Fe lattice. During the deformation of a 

Cu-alloyed material, nanosized inclusions are obstacles to 

moving dislocations, determining the hardness of pearlite 

and, as a consequence, the entire material. Figure 7 allows 

drawing a conclusion about the features of the distribution 

of dislocations in the alloy with finely dispersed copper par-

ticles contained in it. Most dislocations are attached to 

nearby particles of the -phase. Analysis of the structural 

features of the alloys under study suggests the possibility 

of implementing two mechanisms of interaction of disloca-

tions with -Cu particles in it: the Orowan mechanism, ac-

cording to which sliding dislocations bend around a parti-

cle, and the Hirsch mechanism, associated with transverse 

dislocation sliding. No dislocations cutting copper particles 

were detected, so there is no reason to consider hardening 

according to the Nicholson-Mott mechanism. 

3.3. The impact of copper on the antifriction prop-

erties of graphitized hypereutectoid steel 

The dependence of the friction coefficient on the ap-

plied specific load is assessed in the work. Figure 8 identi-

fies three zones corresponding to the theoretical depend-

ence [37, 38]. Analysis of the results obtained during test-

ing indicates that at low loads the friction mode with lubri-

cation is realized (zone 1, “transition mode”). In zone 2 

(“stationary mode”) the friction coefficient has the lowest 

values. In this zone, the liquid friction mode is most often 

realized, in which the values of the friction coefficient de-

pend on the characteristics of the lubricant, which in turn 

are related to the experimental conditions. In some cases, a 

boundary lubrication conditions may occur in this zone, de-

pending not only on the properties of the lubricant, but also 

on the material from which the contacting surfaces are 

made. However, the extremely low values of the friction co-

efficient in this zone indicate the predominance of the im-

pact of the lubricant properties.  

 
Figure 5 TEM images of graphitized hypereutectoid steel alloyed 

with copper (specimen 2) 

 
Figure 6 X-ray diffraction pattern of graphitized hypereutectoid 

steel without copper (1) and alloyed with copper (2) 

 
Figure 7 Features of dislocation distribution in the ferritic matrix 

of graphitized steel alloyed with copper 
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Figure 8 Impact of copper on the sliding friction coefficient of 

graphitized hypereutectoid steel. 

Since the task is to determine the impact of copper on 

the antifriction properties of the materials under testing, 

comparison of specimens in zone 2 is irrelevant. In zone 3, 

with increasing specific load, a transition to the friction 

mode with boundary lubrication occurs. A further increase 

in load can lead to complete squeezing out of the lubricant 

from the friction zone and the implementation of the “fric-

tion without lubricant” conditions. 

The peculiarity of the steels under study (as in the pre-

vious series of experiments) was that in addition to copper, 

its composition also included aluminum. It should be noted 

that in the structure of Al-alloyed iron-carbon alloys and 

containing ≥6% Cu, copper-containing inclusions are 

formed, the chemical composition of which is close to the 

composition of BrA9Zh3L bronze [38]. The presence of such 

inclusions is probably one of the most significant factors ex-

plaining the improvement in tribological properties upon 

joint alloying of steel with copper and aluminum. 

With a friction path length of ~ 13 km, the volume of 

worn material with the addition of copper into the steel 

composition decreased by 1.5–2 times (from 0.018 mm3 for 

a specimen without copper to 0.0095 mm3 for a specimen 

containing copper); that is, the wear resistance of the ma-

terial under sliding friction conditions increased. The rea-

sons for such behavior of the analyzed materials are asso-

ciated with an increase in hardness and a decrease in the 

sliding friction coefficient with an increase in copper con-

tent. The combined impact of both factors has a beneficial 

effect on the behavior of hypereutectoid steels operating 

under conditions of sliding friction. 

4. Limitation 

This study shows the results of the influence of copper on the 

structure and properties of cast graphitized steel. The next 

logical stage in the development of the material is to evaluate 

the influence of copper on the structures and properties of 

iron-carbon alloys under various heat treatment modes. 

5. Conclusions 

In the course of the research, the following conclusions 

were made: 

1. Alloying graphitized hypereutectoid steel with 

8.76% copper leads to enhanced mechanical properties, 

namely, an increase in the Brinell hardness level of the ma-

terial from 250 to 300 HB, an increase in ultimate tensile 

strength from 250 to 380 MPa and an increase in the level 

of ultimate strength at compression from 1050 to 

1200 MPa, as well as an increase in the microhardness of 

the main structural component – pearlite – from 350 to 

420 HV. 

2. The main reasons for the increase in the microhard-

ness of lamellar pearlite are associated with an increase in 

the dispersity of the ferrite-cementite mixture, the precipi-

tation of strengthening nano-sized copper particles ε-Cu 

(~ 20 nm) in the ferrite interspaces of the colonies, and 

with the presence of dissolved copper atoms in α-iron. 

3. Alloying graphitized hypereutectoid steel with 

8.76% copper leads to a decrease in the level of sliding fric-

tion coefficient under conditions of boundary lubrication as 

well as to an increase in the wear resistance of the material 

under conditions of sliding friction. 
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